Background A rapidly increasing proportion of people in high-income countries are surviving into their tenth decade. Concern is widespread that the basis for this development is the survival of frail and disabled elderly people into very old age. To investigate this issue, we compared the cognitive and physical functioning of two cohorts of Danish nonagenarians, born 10 years apart.
Introduction
A 2011 report 1 from the US Census Bureau, commissioned by the US National Institute on Aging, concluded that the population of people aged 90 years and older will continue to grow in the USA, both in absolute terms and as a proportion of elderly people. The 720 000 people aged 90 years and older in 1980 in the USA had more than doubled to 1·5 million by 2010. A similar development has been seen in other high-income countries. Even in Denmark, which has one of the lowest life expectancies in western Europe, 2 the chance of surviving into the tenth decade of life has gone up by roughly 30% per decade for people born in 1895, 1905, and 1915 . 3 This increase is based both on a decrease in early-life mortality at the beginning of the 20th century and a reduction in mortality for elderly people in the second half of the century. 4 Serious concern has emerged about the substantial and increasing number of individuals in each birth cohort who can be expected to survive into their 90s. 5 Life extension might provide only increased chances of being frail or existing in a vegetative state, with huge personal and societal costs. Research in the mid-1990s looked into this so-called failure-of-success hypothesis, that increased longevity (due to falling mortality from chronic diseases) meant that the health of elderly people was declining. 6 However, as can be noted from a 2011 review by Crimmins and Beltrán-Sánchez, 7 very few data exist on this topic for very elderly people or for people living in residential care, for whom the issue is most relevant.
In younger elderly people (ages 65-85 years) mixed results have been reported, but generally more recent birth cohorts have more diseases (partly because of improved diagnostics), possibly better physical functioning, and consistently better cognitive functioning than do earlier birth cohorts-designated as the Flynn eff ect. 4, [7] [8] [9] As such, more recent cohorts of younger elderly people could be expected to reach their tenth decade in better health than earlier cohorts. However, some researchers have suggested that cohort diff erences that exist in younger elderly people could be eliminated at older ages by mortality-related processes. 10 In this study, we investigate two complete Danish birth cohorts of nonagenarians born 10 years apart, in 1905 and 1915 .
Methods

Study population
The 1905 cohort study took place from August to October, 1998 , and included all Danes born in 1905 who lived in Denmark at the time of the survey, a total of 3600 people aged 92-93 years. The 1915 cohort study took place 12 years later, from September to November, 2010, and included all Danes born in 1915 who lived in Denmark at the time of the survey, a total of 2509 people aged 94-95 years.
The two surveys used the same design and survey instrument. No exclusion criteria were applied: all individuals born in Denmark and living in Denmark during the relevant study periods were approached, irrespective of type of residence, health, or cognitive status. [11] [12] [13] The cohorts were identifi ed through the Danish Civil Register System, which since 1968 has kept a record of all people living in Denmark. This system ensures identifi cation and follow-up of all participants, provided that they have not emigrated.
Assessment procedure
Both studies used similar ascertainment and assessment protocols. A proxy responder was encouraged to participate in the interview if the cohort member was unable to participate because of mental or physical handicap. In most cases, the survey took place in the participants' homes and was done by one of roughly 100 interviewers from the Danish National Institute of Social Research. The assessment consisted of an interview, physical and cognitive tests, and the collection of biological material (eg, blood spot or cheek swab).
The assessment procedure has been described in detail elsewhere. [11] [12] [13] We focused on basic activities of daily living, physical performance tests (grip strength, chair stand, and gait speed), cognitive functioning (minimental state examination and a composite of fi ve cognitive tests sensitive to age-related changes), and depression symptomatology-all out comes that we have studied extensively with the same reliable and validated instrument in these and other cohorts of elderly people. [14] [15] [16] [17] The appendix describes the survey instrument in detail.
Statistical analyses
Comparison of the cohorts' physical and cognitive functioning and other characteristics was done separately for men and women and for both sexes combined by use of standard statistical methods: χ² tests or t tests, with the assumption of either equal or unequal variance. Sex-by-cohort interaction analyses and adjustment for auxiliary variables were done with regression models. 
Role of funding the source
The sponsors of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. KC and JWV had full access to all the data in the study and had fi nal responsibility for the decision to submit for publication. ; table 2 ). The improved cognitive functioning in the later cohort was noted in both men and women (table 2) and in all but one of the subcomponents of the cognitive composite test (data not shown). Within both cohorts, men had better scores than did women for both the mini-mental state examination and the cognitive composite tests (table 2) .
Results
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Educational attainment, which was assessed as selfreported highest educational achievement, was slightly higher in the 1915 cohort than in the 1905 cohort (table 1) . The diff erence was signifi cant only in women, who had very low educational attainment in both cohorts (74% and 69% had no vocational education in the 1905 and the 1915 cohorts, respectively; table 1). The 1915 cohort still had higher mini-mental state examination (linear regression coeffi cient 1·13, 95% CI 0·71-1·56) and cognitive composite scores (linear regression coeffi cient 0·36, 95% CI 0·09-0·62) after adjustment for this improvement in education. Depression symptomatology scores did not diff er between the cohorts for either sex ( Depression symptomatology scores sexes, with men scoring signifi cantly better than women within both cohorts (table 3) . However, the physical performance tests showed mixed results between cohorts. We noted no diff erence between the 1905 cohort and the 1915 cohort with respect to grip strength for either men or women, whereas members of the 1905 cohort did slightly better in the chair stand test than did members of the 1915 cohort (table 3) . Gait speed, which was measured as the time taken to walk 3 m, was marginally better in the 1915 cohort than in the 1905 cohort, but more members of the 1915 cohort were unable to walk (table 3) . We recorded no sex-by-cohort interaction for any of the outcomes-ie, the change between the cohorts was the same for men and women. The two cohort studies did not diff er in response rate, proportion of proxy respondents, or reasons for nonparticipation (fi gure). The reasons for use of a proxy respondent were the same in both cohorts, with dementia of the cohort members the most common reason in both (58% [259/445; data for 3 missing] in the 1905 cohort and 54% [168/310; data for 27 missing] in the 1915 cohort). The average percentages of missing data were similar in both studies, and varied from item to item dependent on whether the 1905 or the 1915 cohort had the highest percentage of missing data (tables 2, 3). We did a sensitivity analysis for cognitive functioning by classifi cation of all proxy participants and all participants with missing data as having scored less than the maximum score category (28-30 points) on the mini-mental state examination. The proportion with maximum scores in the 1915 cohort versus the 1905 cohort changed from 23% versus 13% (p<0·0001) to 17% versus 10% (p<0·0001)-ie, still a signifi cant cohort diff erence. We also did a sensitivity analysis for grip strength, for which more data were missing in the 1915 cohort than in the 1905 cohort. When all individuals with missing data for grip strength were assigned to the worst category (<20 kg) the results for the two cohorts still did not diff er signifi cantly (data not shown). Two opposing processes aff ect the health of successive cohorts. On the one hand, a later cohort might benefi t from health progress resulting from more eff ective disease prevention (eg, infl uenza vaccination and drugs to control high blood pressure and cholesterol), improved treatment (eg, of heart disease and cancer), and the health benefi ts of improved standards of living, increased educational achievement, and healthier lifestyles (eg, improved diet and exercise). Such progress helps the members of the later cohort to reach older ages in better health. This process is known as the success-of-success eff ect: improvements in health at earlier ages result in a healthy cohort at older ages. On the other hand, the later cohort is larger than the earlier one because of the lives that have been saved: the additional survivors might be in relatively poor health and might have died if they had lived in earlier cohorts with less favourable living conditions and poorer medical treatments. This process is known as the failure-of-success eff ect: saving lives might reduce average health by enabling very frail individuals to reach older ages than they would otherwise have done. For the 1915 cohort compared with the 1905 cohort, the success-of-success eff ect outweighed the failure-of-success eff ect with respect to cognitive functioning and activities of daily living, whereas the two eff ects apparently counterbalanced each other with respect to physical functioning.
Mini-mental state examination results
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Cognitive functioning showed the clearest im provement between the two cohorts. At younger ages (ie, <85 years) very solid evidence exists for the Flynn eff ect-ie, that cohorts born later typically have better cognitive function than do those born earlier. 8, 22 According to the results of a US study, 10 decrease in cognitive function from age 50 years to 80 years is signifi cantly lower in later-born cohorts than in those born earlier. More recent cohorts of elderly people could therefore be expected to reach their ninth and tenth decades in better cognitive health than earlier cohorts. Our fi nding of a clear improvement in cognitive functioning between cohorts of nonagenarians can be interpreted as evidence that a Flynn eff ect is maintained in very elderly people, rather than erased by mortality-related processes. 10 Improvements in education are likely to be a major underlying factor for the Flynn eff ect at younger ages, but even after adjusting for the increase in education between the 1905 and 1915 cohorts, the 1915 cohort still performed better in the cognitive measures, which suggests that changes in other factors such as nutrition, burden of infectious disease, work environment, intellectual stimulation, and general living conditions also play an important part in the improvement of cognitive functioning. The fact that the physical performance tests did not improve could suggest that changes in the intellectual environment rather than in the physical environment are the basis for the improvement. Irrespective of the mechanism, that cognitive functioning is improving as more people live to very old age is encouraging. This improved cognitive functioning might have been expected to be accompanied by a reduction in depression symptomatology, but we recorded no diff erences between cohorts for this outcome in either men or women. However, contrary to the fi nding of improved cognitive functioning across successive cohorts of younger (age <75 years) adults (ie, the Flynn eff ect), such cohorts seem to be at an increased risk of depression. 23 Consequently, that we noted no diff erences in depression between the 1905 and 1915 cohorts could be a positive fi nding, although we cannot be certain of the applicability of this cohort eff ect on depression to very elderly people.
Most of the previous studies into cohort diff erences focused on people younger than 80 years, and few have focused on very elderly people and included those living in residential care. In a Swedish study, 24 an increase in cognitive impairment was detected between 1992 and 2002 in people older than 77 years. In a study 25, 26 of Danish centenarians born in 1895-96 and in 1905, both the proportion of cognitively impaired individuals and the mean score from mini-mental state examination did not diff er signifi cantly between the two cohorts, although activities of daily living scores improved for women. However, the sample size in both studies was small. [24] [25] [26] A larger Finnish study 18 of nonagenarians in Tampere was based on a questionnaire survey and so did not include cognitive or physical tests, but the investigators reported stable frequencies of disability in 2001-07. In the USA, a series of analyses of data from the Health and Retirement Survey of people aged 70 years and older showed mixed results; Freedman and colleagues 27 reported improvement in cognitive functioning for individuals aged 80 years and older from 1993 to 1998, whereas Rodgers and colleagues 28 noted little improvement from 1993 to 2000 when age distribution and practice eff ect from previous study participation were taken into account. Langa and colleagues 29 extended the study period to 2002 and noted reduced prevalence of cognitive impairment, in agreement with the fi ndings of Sheffi eld and Peek, 19 who reported that, based on data up to 2004, improvement in education contributed to reductions in cognitive impairment in elderly people, particularly black and Hispanic people in the USA. However, the mean age of participants in these studies was in the late 70s, and people in residential care were not included except in the study by Langa and colleagues, 29 who included such data for the 2002 study period only. US studies of cohort change in disability among elderly and very elderly people have also had mixed fi ndings. Data from the National Long-Term Care Survey for 1982-2004 suggested that younger cohorts of elderly people are living longer in better health, 30 whereas analyses based on the National Health And Nutrition Examination Surveys for 1988-94 and 1999-2004 showed an increased prevalence of disability in people aged 60-69 years, no change in those aged 70-79 years, and a reduced prevalence of functional limitations in more recent cohorts of people aged 80 years and older 20 (a fi nding that contrasts with the results for mobility functioning from the US National Health Interview survey 7 ). Our study addresses many of the major challenges in cohort comparisons of very elderly people by having large, national, and well-defi ned birth cohorts (with a narrow age range within each cohort) born 10 years apart and including people who live in residential care. The same study design and survey instrument were used for both surveys, and both studies had similar response rates. The surveys were each done within a 3-month period and were both intake surveys-ie, the assessment was the fi rst time that any of the participants had taken part in the survey, so no opportunity existed for practice eff ects on cognitive tests, which is a known cause of bias in comparisons of cognitive test results.
The physical and cognitive functioning outcomes used in our study have previously been shown to be reliable and valid in the 1905 cohort and in other cohorts of elderly Danish people, [12] [13] [14] [15] [16] [17] and these outcomes cover the most important domains in very elderly people. However, our analyses do not include diseases. The main reason that diseases were not included is that in nonagenarians diagnostic intensity will be the main determinant of the numbers and types of diseases diagnosed. The attitude towards diagnostic activity and treatment of very elderly people has changed much in the past 15 years, which prevents any valid comparison of disease prevalence between the two cohorts.
A potential limitation of our study was that the 1915 cohort was 2 years older at intake than the 1905 cohort. If we had discovered that the members of the 1905 cohort were better functioning than those of the 1915 cohort, we would not have been able to establish whether this was a cohort eff ect or an age eff ect. However, our previous longitudinal analyses of the 1905 cohort showed that, because of selective mortality, functioning was unchanged from age 92 to 100 years for populations, although we did note an individual reduction-ie, the most frail and disabled people tended to die fi rst, leaving the best functioning people in the population. 11 As such, the development over time within the 1905 cohort from age 92 to 100 years was positive and showed that exceptional longevity did not lead to an exceptionally high prevalence of disability.
The present study also shows a positive development between birth cohorts, with no evidence of a net failureof-success eff ect. On the contrary, the 1915 cohort performed better on the cognitive tests and the activities of daily living scale than did the 1905 cohort despite being 2 years older, which suggests a net success-of-success eff ect, with more individuals living to older ages with better overall functioning. However, these fi ndings are limited to one country and two birth cohorts born 10 years apart. The fact that the development within and between these Danish cohorts is positive does not necessarily imply that the same will be true for other countries with diff erent profi les of health and disease and diff erent survival probabilities, or that this trend will continue in later cohorts of nonagenarians. With the rapidly growing populations of very elderly people in high-income countries, surveillance of changes in functioning within and between birth cohorts of people in this age group will be of fundamental importance in the planning of health care, both for individual families and for society. 
Systematic review
We searched PubMed for reports published before Feb 14, 2013, using the search terms "oldest-old", "old age", "nonagenarians", "centenarians", and "cohort diff erences". We also checked the reference lists of reports identifi ed in the search. To include the most recent demographic data available, we accessed the Human Mortality Database. 3 In line with previous research, recent cohort comparisons 7, 9, 10, [18] [19] [20] reached diff ering conclusions about the health outcomes between cohorts, but the studies that used physical and cognitive testing generally focused on younger elderly people (age <85 years) and excluded those in residential care.
Interpretation
Our results show that the Danish cohort born in 1915 had better survival and scored signifi cantly better on both the cognitive tests and the activities of daily living scale than the cohort born in 1905, despite being 2 years older at the time of assessment. This fi nding suggests that more people are living to older ages with better overall functioning. If this development continues, the future functional problems and care needs of very elderly people might be less than are anticipated on the basis of the present-day burden of disability.
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